Introduction
Concrete is by far, the most widely-used construction material on our planet. This high consumption rate has led to a significant demand for cement since it constitutes almost one-third of the volume of concrete. Normal concrete (NC) has inferior mechanical properties and is susceptible to cracking due to shrinkage. Realizing and modifying multi-scale processes resulting in shrinkage of concrete can be a crucial step toward improving this shortcoming. Hence, this approach has received great attention in recent years. Extensive multi-phase studies have been done on shrinkage reducing admixtures (SRA) such as monoalcohols [1] , [2] , glycols [2] - [6] , polyoxyalkylene glycol alkyl ethers [7] , or other nonionic surfactant structures [8] to control capillary pressure within pores and decrease the volume change in concrete. Shrinkage compensating admixtures (SCA) of K, M, S, and G type [9] and high-quality lightly burnt magnesium oxide [9] are other categories of materials that have been introduced to produce initial expansion in order to offset strains caused by shrinkage in concrete. Permeability reducing admixtures (PRA) [10] , [11] and superabsorbent polymers [12] , [13] have also shown promising results in terms of volume control and crack mitigation of concrete. There have also been studies on the effect of a combination of two or more types of chemical admixtures to make crack-free concrete [14] . However, in spite of the fact that the addition chemical admixtures can help to alleviate cracking in concrete, less attention has been paid to the physical structure of cement as a measure to control both hydration kinetics and pore structure in order to prevent tensile stresses induced by cement hydration just from the beginning. The physical structure of cement is of pivotal importance in the study of volume-change and cracking of concrete and is controlled by final grinding [15] . Although cement grinding is not a very sophisticated process, it should be well controlled in terms of cement fineness and the temperature within the ball mill [15] . The final grinding has two important effects on the fabricated cement [15] : on the one hand, it affects both reactivity and rheology of cement and on the other hand, it is the last chance to modify cement properties before its introduction to the market. It should also be noted that increasing the fineness of cement particles to the values smaller than 1 μm, leads to higher inter-particulate adhesive forces which can lead to agglomeration [16] .
There has been a trend toward finer cements over the last century. Such a trend well-suits the fast schedules of the construction industry. However, some applications do not require high early-age strengths and may suffer damage from this change. Fig. 1 shows the changes in Blaine fineness of different types of cement from 1950s to 2000s.
Finer cements are more reactive thus their rheology is harder to control. They also have higher heat of hydration and higher amount of alkalis released [15] . Although the 28-day strength-age curve of a coarse cement may intersect with that of a leaner mix of a fine cement, coarser cements may give an increase in strength of around 25 percent of the 28-day value at one year [18] . On the contrary, leaner mix with finer cement may show little increase after 28 days.
The initial strength in hardened Portland cement is greatly affected by particles smaller than 30 μm, while particles larger than 60 μm have practically "no effect" upon the strength-gain of cement [19] , [20] . The content of particle fraction smaller than 5 μm plays a special crucial role in short-term strength development and the time development of strength is not explicitly a function of the specific surface measured according to Blaine, but a function of the particle size distribution of cements [20] . Wider particle size distributions (PSDs) lead to higher packing density of the system and decreased water demand. On the contrary, narrower PSDs are advantageous from a hydration rate point of view [21] , [22] . However, this effect is also a function of the overall water-cement ratio of the mix. As the water-cement ratio is increased, the effect of PSD on the ultimate degree of hydration becomes more significant [23] . It should also be noted that, coarser cements set at lower degree of hydration. Nevertheless, they require more time to achieve set [24] .
The reduction in internal relative humidity (RH) of coarser cements is less than finer cements and they usually produce less autogenous shrinkage [24] . This study aims to investigate the effect of the physical structure of cement on mechanical properties of cement pastes. Particle size distribution (PSD) of cement is modified through an airjet screen and the effects of this adjustment on workability, compressive strength, and autogenous shrinkage of cement pastes are evaluated.
Experimental program

Materials and changing PSD
Ordinary Portland Cement CEM I 52.5 R in combination with a polycarboxylic ether based high-range water reducer admixture (HRWRA), with a dosage of 0.3% was used to make cement pastes. The properties of OPC CEM I 52.5 R are shown in Table 1 . The water-cement ratio of 0.4 is used to prepare the cement pastes. A laboratory Siebteknik airjet screen SLS is used to modify the particle size distribution of the cement. Feed rate, vacuum pressure, and duration are controlled in the preparation of the modified cement.
Particle size analysis
Considering the relatively small particle size of cements (< 125 μm), a laser light scattering (LLS) technique (Malvern Mastersizer 2000® PSD analyser) was employed to determine the PSDs of cements. This method uses the feature that the diffraction angle of the laser beam on the particle surfaces is inversely proportional to the particle size. A projection of this diffracted light waves was analysed, and the particle size computed [25] . In the calculation, the spherical particle shape was assumed, as explained in [26] . Based on the ISO standard 13320-1 [27] , the powders were measured in liquid dispersion using the Mie scattering model. Because cement can react with water, propan-2-ol was utilized as the dispersion liquid [28] .
Workability
The workability of the pastes was investigated using EN 1015-3 [29] as a reference. A Hägermann cone was employed for the slump flow test. Fresh cement pastes are filled in a cone with the geometry shown in Fig. 2 . Then, the cone was lifted carefully to allow the paste to flow freely on the glass sheet. Two perpendicular diameters of the spread flow were measured, and their mean regarded as the spread flow diameter. 
Autogenous shrinkage
Autogenous shrinkage tests were carried out according to the ASTM C1698 [31] . This standard describes a procedure to obtain a free bulk strain of sealed cement pastes under constant temperatures using a dilatometer bench as shown in Fig. 3 . Positive strain corresponds to expansion and negative strain to shrinkage. The sealed environment was produced by applying a corrugated tube that offers little resistance to shrinkage or expansion of the samples. The length change of the samples was measured using a dilatometer at arranged time intervals. This method combines the advantages of linear and volumetric volume change measurement methods and through using a plastic mould minimizes moisture loss or gain and maintains a closed system throughout the test [31] . 
Results
Particle size distribution
The particle size distributions (PSDs) of OPC CEM I 52.5 R and the modified cement are shown in Fig. 4 . CEM I 52.5 R contains no particles larger than 90 μm and smaller than 0.3 μm and its modal value is 20 μm. The modified cement has the same minimum, maximum, and modal values but at the same time it is coarser than the OPC cement. The modified cement has more volume fractions of particles bigger than 20 μm, while the OPC cement has more volume fractions of particles smaller than 20 μm.
Workability
The effect of cement fineness on the flowability of cement pastes is shown in Fig. 5 . The modification of physical structure of cement has led to a coarser cement that is more workable at similar water-cement ratios. This effect can be attributed to the lower amount of particles smaller than 30 μm, as an increase in such particles leads to deteriorated rheological properties [20] . Another reason can be the difference in the amount of calcium sulphate in the mixtures. After grinding, calcium sulphate is mostly found in the finer part of cement, as it is much softer than clinker. Whereas, the harder C2S is rather found in the coarser fraction of cement [15] . 
Early-age compressive strength
The average compressive strength development of the specimens, proportioned with the OPC cement and the modified cement, are presented in Fig. 6 . The compressive strength of the modified cement is lower than the OPC cement at similar ages. This can be attributed to the differences in the cement hydration degree. Cement hydration is limited by the availability of water at the cement particle surfaces and this availability is controlled by two factors: the overall water-cement ratio and the particle size distribution [23] .
Autogenous shrinkage
The effect of cement coarseness on the autogenous shrinkage of the cement pastes is shown in Fig. 7 . The modified cement has lower autogenous shrinkage at similar ages. This can be attributed to the fact that since smaller pores are emptied in the finer cement systems, the autogenous shrinkage of finer cements are much greater than that of coarser cements [17] . Another reason is the creep of concrete, which causes the stress induced by a sustained load to reduce with time. The relaxation -the decrease of stress with time -significantly affect cracking in concrete [32] . The factors underlying strength gain of 
Discussion and conclusions
The particle size distribution of cements has continuously changed over the past 50 years and the trend has been toward increasing fineness of Portland cement [18] , [34] - [36] . Higher early-age strength has been the main incentive for such an approach. However, in some applications durability is far more important than high early-age strength. While concrete made with coarseground cement of the first half of the twentieth century show lesser tendency to drying shrinkage and crazing, today's concrete with finer cements have higher volume change and cracking [34] . The shift from coarser cement to finer cement with higher C3S content has changed the problem of concrete crumbling to concrete cracking over the years [35] , [36] . This can be attributed to the fact that cement specifications, in most countries, set only minimum values of fineness, C3S content or strength [18] .
The very fine particles are the most important fraction in higher early strengths, and their increase may result in serious problems in terms of volume change, and rheology [20] . There have been efforts to propose ideal particle size distribution of cements to maximize strength [19] , [20] , [37] . Some researchers have suggested the utilization of coarse cements to decrease autogenous shrinkage [17] , [24] or to control the heat of hydration [38] . There have also been efforts to use gap-graded particle size distribution in cements [39] , [40] . The aim of this study is to understand the effect of the cement particle size distribution on the mechanical performance and shrinkage of cement pastes. Based on the tests performed and the results obtained the following conclusions can be made: 1-Coarser cements have better rheological properties.
This can be beneficial from an economical point of view. In fact, concrete manufacturers can utilize coarser cements in applications that does not require high early strengths while incorporating less highrange water reducing admixture. 2-Coarser cements have lower early-age compressive strengths compared to the finer cements. However, this would not be a shortcoming in applications which usually do not require very high strengths. This lower compressive strength can be beneficial from creep point of view, since the lower the strength, the greater the creep. 3-Autogenous shrinkage of cement pastes made with coarser cements is less than that of finer cements. This can also help concrete manufacturers to make less crack-prone concrete with lower shrinkage while incorporating less chemical admixtures. T. Goto, T. Sato, K. Sakai, and M. Ii, "Cementshrinkage-reducing agent and cement composition," US4547223 A, 1985. 
